Previous studies (Munro & Naismith, 1953) show that the response of protein metabolism to changes in calorie intake is determined by the amount of protein in the diet. When rats were given a diet containing an adequate amount of protein but low in energy content, increments in calorie intake from either carbohydrate or fat resulted in a linear improvement in nitrogen balance and an increase in the protein content of the liver. On the other hand, similar changes in the calorie content of a protein-free diet did not have these effects. Although a slight improvement in N balance resulted from addition of calories in the form of carbohydrate, addition of extra fat did not influence N balance and neither energy source increased the protein content of the liver. In order to explore the mechanism underlying this difference in the response to changes in calorie intake at the two levels of dietary protein, we have carried out in vitro and in vivo experiments in which the rates of uptake of labelled amino acids by tissue proteins have been related to the protein and calorie content of the diet previously given to the animals.
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E X P E R I M E N T A L

In vitro studies on amino acid uptake
In the first series of in vitro experiments, the uptake of r5S]methionine into tissue slices was examined in relation to the calorie content of the preceding diet. Only animals receiving an adequate intake of protein were studied. The results obtained in these experiments were amplified by similar experiments with p4C]glycine in which the level of protein intake as well as calorie intake was varied.
Animals and diets. Male albino rats weighing about 250 g were housed individually under thermostatic conditions and were given a synthetic diet of the pattern used by Munro & Naismith (1953) to provide different levels of calorie intake along with either an adequate amount of protein or with none. At 10 a.m. the animals were given a basic diet containing 2.8 g casein, I g potato starch, 0.5 g glucose, 0.5 g fat and 2 g of a vitamin-mineral-roughage mixture (Munro, 1949) . For animals given the protein-free diet, all the casein was replaced by a mixture of equal parts of starch and glucose. At each of these two levels of protein intake the rats were further subdivided into low-calorie and high-calorie intake groups. The basic diets provided daily about 800 kcal/m2 body surface, and animals in the low-calorie intake group received no further food. Rats in the high-calorie intake group were given additional calories in the evening sufficient to raise their total intake to about 1600 kcal/m2.
In the experiments on the in vitro uptake of ["Slmethionine into liver and In the experiments on the in vitro uptake of [14C]glycine, the rats received either the basic protein-free or protein-containing diets in the morning. At each of these levels of protein intake, some of the animals were given no further food (low-calorie intake group) and others were given carbohydrate at 10 p.m. (high-calorie intake group). After 7 days on these diets, the rats were killed in the morning in the postabsorptive state. I n addition, one group of rats on the low-calorie intake and one on the high-calorie intake were fed 2 h before death with 2 g casein, in order to examine the action of previous calorie intake on protein metabolism during active absorption of amino acids from the intestine.
Incubation of pieces of liver and diaphragm. The rats were killed by exsanguination under ether anaesthesia. Slices were prepared from the livers, the mechanical chopper described by McIlwain & Buddle (1953) being used, and about 500 mg of slices were added to each incubation flask. In the experiments on [35S]methionine incorporation, the diaphragm was also dissected out from each animal, the central tendon removed and the remaining muscle added to a flask for incubation. The incubation flasks for both liver slices and diaphragm contained 4 ml of the medium of Sinex, MacMullen & Hastings (1952) The flasks were then gassed with a mixture of 95 % 0, and 5 % CO, and incubated at 37". Throughout the experiment, sterility precautions were taken by heat treatment of all glassware and by passing the medium through a Seitz filter.
Isolation of protein from liver and diaphragm. T o terminate incubation, 1-5 ml of 30% (w/v) trichloroacetic acid (TCA) were added to the flasks containing the liver slices and the precipitate was treated by the procedure of Sinex et al. (1952) . The pieces of muscle were removed from the flask and immersed in 0-1 N-H,SO, to terminate metabolic reactions, rinsed in distilled water and homogenized in a blender with 15 ml 0.4 N-NaOH for 15 min. The protein was then precipitated by addition of 30 % TCA and recovered by centrifugation.
The TCA precipitates obtained from liver and diaphragm were washed three times with 10% ice-cold TCA and then heated at 90' for 15 min in 1o0(, TCA to remove nucleic acids (Schneider, 1945) . In the experiments with [35S]methionine, the insoluble residue was dissolved in 0.4 N-NaOH, the solution reprecipitated with 30 yo TCA and the precipitate then separated by centrifugation. This procedure has been recommended by Melchior & Halikis (1952) for the removal of free methionine trapped in the protein precipitate, and was carried out twice on each sample. When this procedure is used, tissue which had been inactivated with 30% TCA before addition of isotope to the flask (zero time control) did not show significant uptake of radioactivity by the tissue proteins. In the experiments with [14C]glycine, it was not found necessary to use the procedure of Melchior & Halikis, since low zero time control values were obtained even when these steps were omitted. The adequacy of this shortened procedure is also demonstrated by the finding that uptake of P4C]glycine by liver-slice proteins isolated in this manner can be almost completely inhibited by addition of a nitrogen mustard to the incubation mixture (Clark, Goodlad & Munro, 1958) . The precipitated protein was finally washed with 20 ml portions of 95% ethanol, ethanol-chloroform (3 : I), ethanol-diethyl ether (3 : I), ethanol and finally diethyl ether, and allowed to dry in air.
Measurements of radioactivity of protein samples. These measurements were made by procedures described previously (Munro, Black & Thomson, 1959) . With liver samples incubated with [14C]glycine, the protein preparations were counted without isolation of the amino acid, by spreading the finely ground protein on a Polythene planchet I cm in diameter and counting at infinite thickness with an end-window Geiger-Muller tube. The activities have been expressed as counts per min per planchet.
With tissues incubated with [35S]methionine, the methionine S was isolated from an acid hydrolysate of the tissue protein and counted as benzidine sulphate with an endwindow Geiger-Muller tube, suitable corrections for self-absorption being applied. The activities have been expressed as counts per min per mg methionine S.
Measurement of the free glycine contents of liver. The amount of glycine in the free amino acid pools in the livers of animals killed after receiving the various diets was estimated as the dinitrophenyl derivative by the quantitative procedure of Krol(1952) .
Samples of liver were treated with 5 vol. of ice-cold 10 yo TCA and the precipitate was washed twice with 10% TCA. The supernatant fluid and washings were combined and the TCA was extracted with diethyl ether until the p H rose to 4. T h e aqueous phase was then dried under reduced pressure, the residue taken up in a small volume of water and allowed to react with fluorodinitrobenzene to yield dinitrophenylglycine which was then recovered quantitatively by the procedure described by Krol(1952) . This procedure has been shown by us to be satisfactory for separation of glycine from artificial mixtures of amino acids, from which essentially complete recovery of glycine was obtained.
In vivo studies of labelled glycine uptake Animals and diets. Male albino rats of from 180 to 200 g body-weight were housed in separate cages and were given the protein-containing or protein-free diets used in the in vitro studies described above. I n this experiment, however, the basic diets were given in the evening at levels of 0.8 times the amount stated on p. 245 because of the smaller size of rat used; the variable energy content was provided by changing the amount of carbohydrate given in the morning. For an initial training period of 7 days all the rats were given the basic protein-containing or protein-free diet with sufficient carbohydrate in the morning meal to maintain a calorie intake of 1200 kcal/m2. During the remaining 4 days of the experiment, carbohydrate intake was altered so that rats at each level of protein intake received either about 800 kcal/m2 or about 1600 kcal/m2. On the morning after the last day of feeding, the rats were in the postabsorptive state and were injected intramuscularly with [2-14C]glycine (10 pc/ IOO g body-weight). They were killed at intervals of 3, 6 or 9 h after injection mithout further feeding.
Determination of r4C] glycine incorporation by liver. The rats were killed by exsanguination under ether anaesthesia. The liver was perfused with 0.9 yo (w/v) NaCl and then homogenized in cold 10% TCA. The supernatant fluid was retained for estimation of radioactivity in the free glycine fraction and the precipitate was washed twice with 10 yo TCA, and then extracted with lipid solvents as described by Munro & Naismith (1953). The resultant dry powder was used for isolation of liver-protein glycine. Glycine was isolated from the free amino acid fraction and from the hydrolysed liver protein as the dinitrophenyl derivative, and its content oP4C was measured by the procedures given in detail by Clark, Naismith & Munro (1957 In order to determine whether the various diets used in these experiments altered the glycine content of the mixed liver proteins, samples of liver were treated with cold 10 % TCA before extraction of nucleic acids with hot TCA (Schneider, 1945) and extraction of lipids with organic solvents, as described for the preparation of liver protein in the in vitro series of experiments. The N content of the dry residue was then measured (Munro & Naismith, 1953 ) and a portion was hydrolysed for 16 h in 6 N -H C~ at 105' and then subjected to the procedure of Krol (1952) for quantitative estimation of its glycine content.
R E S U L T S
Diet and the in vitro uptake of labelled amino acids
In the first series of experiments, only animals receiving an adequate intake of protein were studied. The rats were killed in the morning in the postabsorptive state, i.e. 24 h after the last meal containing protein and either 12-14 h or 18-20 h after being given the supplementary energy source, according to the time of its administration. The effect of these two levels of calorie intake on the incorporation of [35S]-methionine by the proteins of liver and diaphragm during a I h period of incubation is shown in Table I . Since no significant difference was observed between the actions of carbohydrate and fat as energy sources, they have not been differentiated in the calculations. As previous calorie intake rose, the incorporation of 35S into the proteins of both liver and diaphragm increased, the combined results for the two periods giving a highly significant difference due to calorie level (P < 0.01). I t can thus be concluded that the calorie content of the diet continues to influence protein metabolism in liver and in diaphragm for at least 20 h after the last meal has been consumed. These results were amplified by similar experiments with [14C]glycine in which the level of protein intake as well as of calorie intake was varied. The rats received either a protein-free diet or an adequate intake of protein, and at each protein level some were given a low calorie intake and others a high calorie intake; in addition, one group of rats on the low calorie intake and one on the high calorie intake were given casein z h before killing, in order to determine the effect of previous energy intake on amino acid
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Calorie intake and protein metabolism 249 incorporation by animals actively absorbing amino acids from the intestine. Table 2 shows the effects of these six dietary conditions on the uptake of [14C]glycine by liver protein during I and 2 h periods of incubation. Statistical evaluation of the results by analysis of variance showed that incorporation was significantly affected ( P < 0.01) Analysis of variance showed that incorporation of glycine was significantly affected (P < 0.01) by time of incubation, protein intake and calorie level of the diet without significant interactions.
by time of incubation, by previous calorie intake and by previous protein intake, without significant interaction between these three factors. Thus, irrespective of whether the diet was free from protein or contained protein, or whether the animals were in the postabsorptive state or were actively absorbing amino acids at the time of death, more radioactivity was deposited in the proteins of the liver slices when the preceding diet provided a high level of calorie intake.
This finding does not necessarily mean that more protein was synthesized by liver slices prepared from these animals. Differences in the apparent uptake of [14C]glycine by tissue protein can also occur because of changes in the radioactivity of the free glycine pool from which the protein is synthesized. Thus if the diet causes the free glycine content of the tissue to decrease, the labelled glycine added in the medium will undergo less dilution and in consequence the number of labelled molecules incorporated into the tissue protein will be increased. Measurement of the free glycine content of the livers of rats receiving the different diets shows ( Table 3 ) that the highest concentration of free glycine occurred in the livers of rats on the protein-free diet, which may partly account for the lower levels of incorporation observed after this diet (Table 2) . However, addition of calories to the different diets did not reduce the free glycine content of the liver at either level of protein intake and in consequence the greater labelling of protein observed in the livers of animals on the higher calorie intakes cannot be ascribed to less dilution of the labelled molecules by unlabelled glycine. Analysis of variance showed that free glycine concentration was significantly affected by the protein content of the diet (P < 0.01) but not by the calorie level (P > 0.05).
A second way in which diet could influence the labelling of the free amino acid pool is by affecting the rate of penetration of the labelled amino acid into the tissue from the medium. Thus dietary treatments which result in more rapid passage of the labelled amino acid into the intracellular pool will lead to earlier labelling of the tissue protein but, once the concentration of isotope in the free arnino acid pool of the tissue has reached equilibrium, continuation of incubation will not lead to any further increase in labelling. Table 2 shows that the extra radioactivity in the liver proteins observed in the high-calorie intake groups was not significantly increased by continuing incubation from I to 2 h (no interaction between the action of calorie intake and time of incubation), which suggests that the influence of the calorie content of the diet was restricted to the initial stages of incubation, and was due to an increase in the rate at which the P4C]glycine penetrated the liver slices. From these studies on incorporation of [35S]methionine and [14C]glycine into tissue slices, it is apparent that the energy content of the diet has an effect on protein metabolism which persists for at least 20 h after the last meal, but the experiments with [14C]glycine show that changes in the uptake of the labelled amino acid by the https://www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19620026
Calorie intake and protein metabolism 25 1 tissue proteins can result from several causes. The main effect of previous calorie intake seems to be confined to the initial incorporation of isotope and may represent more rapid penetration of the labelled amino acid into the intracellular pool. Under these circumstances, it is difficult to assess whether a real stimulus to protein biosynthesis was taking place as the result of a previous high calorie intake. For this reason, in vivo experiments were conducted in which the radioactivity of glycine in the free amino acid pool of liver was measured and the uptake of [14C]glycine by the liver proteins was computed in relation to the activity of the free glycine pool at various time intervals after injection.
Diet and the in vivo uptake of labelled glycine
In these experiments the same diets were used as in the in vitro studies but the order of feeding with the dietary components was reversed, the variable energy source being taken in the morning meal and the basic protein-free or protein-containing diet in the evening. The animals were injected with [14C]glycine at 9 a.m. on the day following the final day of feeding, some 24 h after the last meal in which the calorie intake was varied. The information obtained from rats killed at 3, 6 and 9 h after injection is given in Table 4 . It is apparent that the specific activity of glycine in the Table 4 . In.uence of diet on the in vivo uptake of P4C]glycine by the free amino acid pool and protein of liver (Rats fed on protein-free or protein-containing diets at two levels of calorie intake were injected with [z-14C]glycine in the postabsorptive state and killed 3, 6 or 9 h thereafter without further feeding. Each entry is the mean value for two rats) free amino acid pool was influenced to an important extent by the diet previously administered, and allowance must be made for this influence in assessing the effect of diet on [14C]glycine incorporation into liver protein. Because of the limited number of time intervals at which radioactivity measurements were made, it was not possible to undertake a rigorous kinetic study of the turnover time of liver protein such as that used by Henriques, Henriques & Neuberger (1955) . Accordingly, a simpler approach was adopted in which allowance for the different activities in the free glycine pool was made by calculating the total relative activities of the liver protein samples (Campbell, glycine was expressed as a percentage of the specific activity of the corresponding free glycine, to make allowance for differences in the activities of the precursor pools of different animals. I t was then necessary to adjust these figures to include a measure of the total amount of protein in which incorporation was taking place; thus an animal with a high relative specific activity and a small amount of liver protein might not be synthesizing a greater number of new molecules than an animal with a low relative specific activity but having a larger amount of protein in its liver. As a measure of the absolute rate of replacement per liver, the relative specific activities were therefore multiplied by the total amounts of protein N/IOO g initial body-weight, the The left-hand graph represents animals on a protein-free diet, the right-hand graph animals on an adequate protein intake. The results are expressed as total relative activities, computed on an arbitrary scale from the values given in Table 4 . Each point represents the mean result for two animals. Analysis of variance showed that previous calorie intake was without effect on incorporation in animals on the protein-free diet (P > o.o5), but had a significant action on incorporation when the diet contained protein (P < 0.02).
products being referred to as total relative activities. This final computation was based on the assumption that the percentage of glycine in the mixed liver proteins was not significantly affected by the various dietary treatments. Direct estimation of the glycine content of the mixed proteins of the liver was carried out on samples taken from three animals on each of the four diets. The glycine contents were found to be 5.0 * 0.07 % and 5.1 rfr 0.09 % respectively for rats receiving the low calorie and high calorie levels of the protein-free diet; at the adequate level of protein intake, the lowcalorie and high-calorie intake groups had 5-1 * 0.09 % and 5.5 * 0.15 % glycine respectively in their liver proteins. Differences in amino acid composition of this order of magnitude are not an important source of error in computing the total uptake of p4C]glycine by protein.
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The total relative activities of liver protein for these four dietary groups are shown in Fig. I . With increasing time after injection of [14C]glycine, there was a linear increment in total relative activity. Analysis of variance of the values showed that, with the protein-free diet, the values obtained for the low-calorie and the high-calorie intake groups did not differ significantly ( P > 0.05); with animals receiving an adequate intake of protein, however, there was a significantly greater incorporation of rBC]-glycine when the calorie content of the diet was raised ( P < 0.02). I t can thus be concluded that, even in the postabsorptive state, the calorie content of the diet continues to influence the synthesis of liver protein in animals receiving an adequate protein intake but not in animals on a protein-free diet.
D I S C U S S I O N
There is extensive published evidence to show that protein metabolism is influenced by the calorie content of the diet (see review by Munro, 1951), the relationship being affected by the amount of protein in the diet. With rats, Munro & Naismith (1953) found that there was an improvement in N balance and in deposition of protein in the liver when calories were added to a diet containing an adequate amount of protein, but not when they were added to a protein-free diet. In the experiments described here, it was found that calorie intake affected the in vivo incorporation of [Wlglycine into liver protein when the diet contained adequate amounts of protein but not when it was protein-free. It would thus appear that the failure of protein metabolism to respond to increased calorie intake on a protein-free diet is due to the limitation on the rate of protein synthesis imposed by such a diet.
These experiments, and also the in vitro studies on amino acid incorporation, show that the effect of calorie intake on protein metabolism is still considerable when some 20 h have elapsed after the last meal. This persistence of the influence of the calorie content of the diet into the postabsorptive phase is in agreement with other evidence of long-term effects of calorie level on the course of protein metabolism. Thus the addition of energy to the diets of human subjects (Cuthbertson & Munro, 1937) and of dogs (Munro & Wikramanayake, 1954) caused N retention which continued for several days after the source of extra energy had been withdrawn.
It is apparent from these findings that calorie intake can influence the course of protein metabolism at times other than the immediate phase of amino acid absorption after a meal of protein. Evidence of its effects on protein synthesis during active absorption was not obtained during the series of in vivo experiments described here. However, utilization of dietary protein, as judged by the N balance index, is not altered until calorie intake has fallen below 50 yo of the animal's energy requirements (Allison & Anderson, 1945) . This means, that, although N balance becomes less favourable as calorie intake is reduced, addition of a given amount of protein to the diet still results in the same improvement in N balance at the different levels of calorie intake. I n a similar manner, Campbell & Kosterlitz (1948) observed that changes in protein intake had the same effect on the non-glycogen, non-lipid solids (protein, nucleic acids and phospholipid) of the liver at several levels of calorie intake.
